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and an unlinked locus determining the slope of a reaction norm. We also investi-51 gate effects of previously well-studied factors such as the rate of between habitat 52 migration, the strength of selection, and the accuracy of environmental cues. Fi-53 nally, we study the question of the evolution of the rate of recombination between 54 polymorphic loci, modifiers, and plasticity loci. Our aim is to determine if either 55 tight or loose linkage of plasticity loci to a genetically polymorphic locus is favored 56 by selection.
57
For the analysis, we use individual-based evolutionary simulations of diploid pop-58 ulations, with several local populations in each habitat, as well as numerical analysis 59 of evolutionary equilibria for a model with a very large population in each habitat.
60
For simplicity, we let the sex of an individual be randomly determined (Perrin 2016) .
61
A complication we need to deal with is that, because of the presence of genetic con-62 flict, natural selection need not in general lead to a unique outcome for plasticity 63 loci with different linkage to a polymorphism. The alleles in the polymorphism can 64 also evolve in ways that counteract evolutionary change at plasticity loci. These 65 kinds of 'arms races', where the outcome is influenced by such things as supply of 66 mutations, position in the genome, and limits to gene expression are common for 67 genetic conflicts Werren 2011) . Our main way of dealing with this 68 is to examine situations where there is selectively maintained genetic polymorphism 69 at one or more loci, but where we do not focus on the possible evolution of the 70 corresponding alleles. Instead, we examine the evolution of genes that modify the 71 phenotypic effects of the polymorphism, for instance modify intercepts and slopes of 72 a reaction norm ( fig. 1) . As an alternative, we also examine a situation where alleles 73 at a polymorphic locus can mutate and evolve, but there are limits to the sizes of 74 the allelic effects.
75
Our main finding is that for plasticity genes that are unlinked to a genetic poly-76 morphism, the slope of a reaction norm will be steeper in comparison with the slope 77 favored by plasticity genes that are tightly linked to genes for local adaptation.
78
This holds in particular for intermediate rates of between-habitat migration. Fur-79 thermore, we do not find selection favoring either tight or loose linkage of plasticity 80 genes to a genetic polymorphism, suggesting that this genetic architecture is set 81 by other influences on genome organization. We discuss our results in relation to 82 empirical work on the genomics of ecotypic variation and on the relative importance 83 of local adaptation and plasticity for trait variation.
84

Methods
85
We first present our two-habitat metapopulation model for a single trait u, then 86 extend it to two traits u 1 and u 2 , followed by an explanation of our individual-based 87 simulations. We have also performed a numerical analysis of a model with a very 88 large population in each habitat, which is described in appendix A, with results
89
reported in Table A1 and figure A1.
90
Single trait
91
The population is divided into N p patches, each containing a local population with on 92 average K diploid individuals with non-overlapping generations, and with survival 93 selection operating in each patch. An individual's sex is randomly determined, 94 with equal chances for female and male, and each offspring is formed by randomly 95 selecting a mother and a father from the local population. There is a genotype-cue-96 phenotype mapping, determining an individual's phenotype u as a weighted sum of 97 a 'genetic effect' z and an environmental cue x juv observed by juveniles, such that
where z and the weights α and β are each determined by a diploid locus. This means 99 that there is epistasis between the locus for the genetic effect z and the locus coding 100 for α.
101
A patch is in either of two environmental states, corresponding to two types 102 of habitat, which could, for instance, be low and high resource availability, risk of predation, or salinity. The two habitats are denoted by i = 1, 2, with juvenile-to-104 adult survival for phenotype u in habitat i given by
where s 0 is a basic survival rate, θ i is the optimal phenotype in habitat i and σ is the 106 width of the Gaussian survival function. An individual can get information about 107 which habitat it is in through the juvenile cue, given by
where θ i is the mean cue in habitat i, for simplicity assumed to be the same as the 109 optimal phenotype, and juv is a normally distributed random error with mean 0
110
and standard deviation σ juv .
111
There is a probability m of juvenile dispersal to a patch randomly selected in 112 the entire metapopulation, including the patch of origin. The local populations are 113 regulated such that a patch produces K juveniles, each of which has a probability m 114 to disperse. There are equal numbers of patches for the two habitats, which means 115 that the probability for a dispersing individual to change habitat is 1/2.
116
The life cycle of individuals is as follows: (i ) selection, with survival in habitat
117
i as a function of phenotype u as in equation (2) migration rate between habitats that a locus is exposed to.
142
The locus for the weight α in equation (1) in an interval. The phenotype in equation (1) is also influenced by the juvenile cue, 147 mediated by the locus for the weight β, with alleles β k . In terms of plasticity, β is 148 the slope of a reaction norm, and the alleles at the locus can be regarded as plasticity 149 genes. We assume the loci are positioned in the order z, α, β along a chromosome,
150
with ρ zα the recombination rate between the cue locus and the modifier locus α,
151
and ρ αβ the rate between the modifier locus and the plasticity locus β.
152
The alleles at a locus are additive, producing diploid values as the sum of ma- we are interested in cases where the modifier and slope effects, α = α mat + α pat and 157 β = β mat + β pat , display fairly little genetic variation over the metapopulation, but 158 still evolve over the longer term.
159
Two traits
160
We extend the situation above to two traits, u 1 and u 2 , determined as
The genetic effects z 1 and z 2 are each determined by a locus with additive alleles,
162
as in the case for a single trait above, and the juvenile environmental cue is given 163 by equation (3). The modifiers α 1 , α 2 and slopes β 1 , β 2 are determined genetically by separate loci. The juvenile-to-adult survival in habitat i is given by
The loci are positioned in the order z 1 , z 2 , α 1 , α 2 , β 1 , β 1 along a chromosome. at the locus for z, and kept the values of the two alleles fixed, while α and β evolved.
175
For parameter values for which α became close to 0, the dimorphism at the locus 176 for z was sometimes not maintained, because one of the alleles was lost from the 177 population through genetic drift. In such a case, for figure 2 we ran that replicate were performed in a similar way.
189
To investigate the evolution of rates of recombination between the loci for z 1
190
and z 2 , and between these and the plasticity loci in simulations similar to those 191 in figure 5, we introduced additional loci controlling recombination. There were 9
192 loci along a chromosome, coding for z 1 , z 2 , ρ zz , ρ zα , ρ αβ , α 1 , α 2 , β 1 , and β 2 . The in this work is available as an online electronic enhancement.
199
Results
200
The effect of genetic architecture on local adaptation and phenotypic plasticity is to zero ( fig. 2A ), so that z in equation (1) has little influence on the phenotype u.
215
There is then little section at the locus for z, and the allele frequencies undergo 216 genetic drift, with an average frequency of 0.5 for the 'locally fit' allele ( fig. 2B ).
217
A similar situation, but where the allelic values at the locus for z can mutate and 218 evolve is shown in figure A2 .
219
The influence of genetic architecture is further exemplified by the reaction norms Bengtsson (1985) and Barton and Bengtsson (1986) introduced the concept of an 245 effective migration rate for a neutral locus that is linked to a selected, genetically 246 polymorphic locus. For instance, using equation (4) because the modifier α in equation (1) figures 2 and 5 is most likely that the total selection between habitats is stronger 288 for the two-trait syndrome.
289
For the two-trait syndrome, we explored the evolution of genetic architecture 290 using individual-based simulations. Instead of specifying the recombination rates 291 ρ zz , ρ zα and ρ αβ , we let these be coded by three loci. We found that tight linkage 292 between the two polymorphic effect loci z 1 and z 2 promptly evolved (i.e., ρ zz became 293 close to zero; Table 1 ), so these loci emerge as a polymorphic complex. However, for 294 α 1 , α 2 , β 1 and β 2 we did not find notable selection for either tighter or looser linkage 295 to the z 1 and z 2 complex. Considerable genetic variation for the recombination rates 296 ρ zα and ρ αβ persisted in the population, perhaps as a result of mutation-drift balance
297
(see Table 1 and figures 7 and A3 for illustrations of these simulations). Overall,
298
the outcome for the modifiers α 1 , α 2 and plasticity slopes β 1 , β 2 , shown in Figure 1 : Sketch of reaction norms and genetic architectures. There are two habitats, with blue and red being used to indicate reaction norms and alleles adapted to each habitat. A. At one extreme, reaction norms could be flat with intercepts adapted to one or the other habitat (blue vs. red lines), corresponding to a pure genetic polymorphism (habitat specialism), and at the other extreme there could be a single reaction norm (dashed gray line), corresponding to pure phenotypic plasticity (habitat generalism). Intercepts and slopes of reaction norms are determined by plasticity genes, either influencing intercepts by epistatically modifying the effects of a genetically polymorphic locus, or by determining the slope of a reaction norm. There is genetic conflict between plasticity genes that are tightly vs. loosely linked to a genetic polymorphism. B. A sketch of the placement of genes along a hypothetical chromosome. A polymorphic locus with two alleles (blue and red) having effects that are suited to each of the habitats. Two cases are illustrated, one with plasticity genes (green) tightly linked to the polymorphic locus, and another with loose linkage. Strength of selection Critical migration rate Figure 4 : Critical migration rate, above which a genetic polymorphism in z is not selectively maintained, resulting in pure phenotypic plasticity. There is a single trait u and the loci for z, α and β are tightly linked. The critical rate is defined as the value of m for which the genetic proportion of the trait variance in u is less than 0.01. The critical migration rate is shown as a function of the strength of selection in one habitat against a phenotype locally adapted to the other habitat, defined as 1 − s 1 (θ 2 ) = 1 − s 2 (θ 1 ) (see equation 2 for definition of s i ). The points correspond to s 0 = 0.9, 0.7, 0.5, 0.3, 0.1, and the lines are labeled with the juvenile environmental cue error, σ juv . The rightmost point on the line for σ juv = 0.50 corresponds to the rightmost point for the linked case in fig. 2A figure 2 , but there are two traits, u 1 and u 2 , each with optima that differ between the habitats. There are two genetic effect loci, one for each trait, and modifiers α 1 and α 2 for each of the genetic effects z 1 and z 2 , as well as slopes β 1 and β 2 for the reaction norms of u 1 and u 2 for the juvenile cue x juv , following equation (4). Panel A shows how the mean modifier (α 1 + α 2 )/2 and mean slope (β 1 + β 2 )/2 depend on the migration rate m and on the genetic architecture. The solid lines show the mean modifier over 10 replicates of individual-based simulations, with the left-hand (green) line giving a case where the loci for the two genetic effects and the modifiers α 1 , α 2 , β 1 , β 2 are all unlinked. The right-hand (orange) line shows the same thing, except that the six loci are tightly linked. For the middle (gray) line, the two genetic effect loci are tightly linked, but the modifier and plasticity loci are unlinked from these and from each other. The dashed lines show the corresponding reaction norm slopes. The situation is symmetric between the traits, and the results for each trait separately are very similar to those shown here. Panel B shows the average frequency of the 'locally fit' allele, i.e. the average of the frequencies of ζ 11 and ζ 21 in habitat 1 and the frequencies of ζ 12 and ζ 22 in habitat 2 (for every second value of m in panel A). The dashed dark gray line shows the case of pure genetic polymorphism (α 1 = α 2 = 1 and β 1 = β 2 = 0). Survival selection between habitats is given by equation (5). For the linked case, recombination rates are ρ zz = ρ zα = ρ αβ = 0.001, and for the unlinked case ρ zz = ρ zα = ρ αβ = 0. Figure 6 : Example of the effect of genetic architecture (linked or unlinked) on phenotype determination. Mean reaction norms (with slope (β 1 + β 2 )/2) for habitat 1 specialists: thick and thin blue lines (slightly shifted up and down for clarity) represent individuals in habitat 1 with genotype ζ n1 ζ n1 , ζ n1 ζ n2 and ζ n2 ζ n2 at each of the two genetic effect loci, n = 1, 2, (with frequencies after migration of 0.74, 0.15 and 0.10; line widths proportional to frequencies); and habitat 2 specialists: thick and thin red lines represent individuals in habitat 2 with genotype ζ n2 ζ n2 , ζ n1 ζ n2 and ζ n1 ζ n1 at each of the two genetic effect loci (with frequencies 0.73, 0.16 and 0.11); and for phenotypically plastic generalists: gray dashed line, slopes and intercepts averaged over both habitats). For the linked case (specialists), the genotypes at the loci for z 1 and z 2 are highly correlated, both among habitats (correlation of genetic effects: 0.999) and within habitats (0.998). For the unlinked case, the reaction norm is very similar between habitats (not shown), because the α n are small and the β n do not vary much, but the alleles ζ 21 and ζ 22 still segregate at the locus for z 2 , whereas in this example z 1 is fixed for ζ 12 . The distributions of the juvenile environmental cue x juv are shown lightly shaded for adult individuals in habitat 1 (left) and habitat 2 (right). The figure corresponds to the cases in fig. 5 for migration rate m = 0.24, with tightly linked loci for specialism and unlinked loci for plasticity. For each replicate simulation, the allelic effects in the population were put into 5 bins (i.e., on average a proportion of 0.2 per bin), and the mean and SD proportions over the replicates were computed. Panels A and B show effects for ρ zα and ρ αβ for simulations with m = 0.12, B and C show the same for a simulations with m = 0.18, and E and F show the same for a simulations with m = 0.24. Figure A3 shows examples of the population distributions of diploid recombination values from the replicate simulations.
Appendix A
Numerical analysis
Our approach here shows similarity to the numerical analysis by Leimar et al. (2016) . The main aim of the analysis is to illustrate the difference in long-term representation in the population for a plasticity allele between being linked to the locally adapted vs. the locally non-adapted allele at a polymorphic genetic effect locus. We achieve this through the use of reproductive values, as illustrated in Table A1 . We also show how the modifier α and the slope β vary as the rate of recombination between these loci and the genetic effect increases from 0 to 0.5 ( fig. A1) .
Let habitat i, i = 1, 2, support a large population of size n i and let m ij be a rate of migration to habitat i from habitat j, in the sense that, after migration, the respective proportions m 11 and m 12 of individuals in habitat 1 originate from habitat 1 and 2, and similarly in habitat 2. We are mostly interested in the symmetric case where n 1 = n 2 , m 11 = m 22 and m 12 = m 21 The life cycle of individuals is a version of that in the main text: (i ) within-habitat random mating, forming n i offspring in habitat i, conceptualized as random unions from a pool of gametes, drawn from the adults in the habitat (after which the adults die); (ii ) each juvenile (independently) observes an environmental cue, as given in equation (3), and has its phenotype determined based on its genotype and the environmental cue; (iii ) each juvenile has a probability m ij n i /n j of migrating from its habitat j to habitat i; (iv ) selection, with survival in habitat i as a function of phenotype u as in equation (2); and the cycle then returns to (i ).
Let us use notation like ζ k to denote alleles at the locus for z. We take (i ) as our census point, and let p ik be the frequency among the gametes (that form the next generation) of allele ζ k in habitat i. If we order the gametes as maternal-paternal, the genotype frequencies among the offspring at the census point in habitat i are p ik p il . Concerning environmental cues, note that the mean cue in habitat i is θ i , according to equation (3). The survival in habitat i of individuals with genotypes with alleles ζ k and ζ l who have observed the juvenile cue in habitat j becomes
where the integration variable η represent the environmental cue error. Note that we have the symmetry W ijkl = W ijlk . Defining an average survival as
we get the genotype frequencies at the end of phase (iv ) as 
where we have taken into account the symmetry P i12 = P i21 . We can note that p i1 (t + 1) + p i2 (t + 1) = 1, as it should, so we only need the equation for p i1 . The iteration (A4) can be used to determine numerically the equilibrium allele frequencies for a given situation, as is done in Table A1 . In the following, we letp ik denote such an equilibrium.
Mutant invasion
We now consider a rare mutant modifier, that modifies either ζ 1 , ζ 2 , α or β, and that has a rate of recombination ρ with the polymorphic locus for z. To make it simple, we assume that a modifier changes either ζ 1 to ζ 1 , or ζ 2 to ζ 2 , when linked to that allele, or modifies α to α or β to β . Thus, we examine one particular mutant modifier at a time. Let p ik be the frequency in habitat i of a mutant modifier linked to allele k, with p ik p ik , and let W ijkl be the modified survival where the modifier is linked to allele l. Here, we do not distinguish maternal and paternal origin. Similar to equations (A2, A3), we have the first-order terms in mutant frequencies as 
These represent mutant heterozygote genotypes surviving to the census point, ready to produce gametes for next generation: P ikl is the frequency of mutant heterozygotes in habitat i where the mutant modifier is linked to the l allele. Recombination when forming gametes from P i12 and P i21 can transfer the mutant modifier to become linked to the other allele at the locus for z. Using this, the iteration from one generation to the next for the p ik becomes:
We can write the mutant population projection as
where A ikjl is the population projection matrix. We get
The mutant projection is a 4 × 4 matrix, and each line of equation (A9) represents a partitioning of this matrix into 2 × 2 sub-matrices.
Invasion fitness
The leading eigenvalue λ of the matrix A , with elements A ikjl , or rather its logarithm, log λ, gives the mutant invasion fitness. We developed a C++ program that follows a path of small steps through either ζ 1 ζ 2 -space, or αβ-space, each of which increases the invasion fitness, until reaching an accurate approximation of the equilibrium. We first put α = 1 and β = 0 and looked for an equilibrium dimorphism ζ 1 ζ 2 . We then retained this dimorphism and let α and β evolve to an equilibrium, for different values of the rate of recombination ρ between the locus for ζ 1 ζ 2 and the loci for α and β. In this analysis, we made the assumption that α and β are tightly linked to each other. The result of the analysis is presented in Table A1 . An important point of the analysis appears in the final column, giving the ratio v 11 /v 12 of the reproductive value for a small-effect modifier (in the limit of being neutral) of being associated with the locally favored allele ζ 1 to being associated with the other allele ζ 2 . This ratio expresses how much a small increase in survival in one habitat is weighed against a corresponding decrease in survival in the other habitat. (1) with survival in each habitat given by equation (2) and environmental cues as in equation (3). The rate of migration between habitats is denoted m 12 (with m 21 = m 12 ) and corresponds to m/2 in the model in the main text. The table shows the rate of between-habitat migration m 12 , the rate of recombination ρ between the genetic effect locus and the loci for α and β, the value ζ 1 of the allele adapted to habitat 1 at the genetic effect locus (with ζ 2 = −ζ 1 ), the equilibrium values of the modifier α and the slope β, the frequenciesp 11 andp 12 in habitat 1 of the alleles ζ 1 and ζ 2 at the time of reproduction, and the reproductive values v 11 and v 12 of small-effect mutant modifiers, with recombination rate ρ the the genetic effect locus. The value v 11 applies when the mutant modifier is linked to the locally adapted allele ζ 1 and v 12 when linked to the alternative allele ζ 2 . The final column gives the ratio of the reproductive values, which indicates how strongly modifications that improve performance in habitat 1 are favored. Note that the situation is symmetric, withp 21 =p 12 ,p Figure A2 : Phenotype determination for linked and unlinked genetic architectures, as a function of the rate of migration, similar to figure 2. The difference from figure 2 is that here the alleles at the locus for z can evolve, such that the value of each allele lies in the interval [−0.5, 0.5]. Except for migration rates for which α evolved to be close to zero, the allelic vales at the locus for z evolved to be close to the lower and upper limits. As a result, the distributions of values for z are trimorphic, with peaks at -1.0 (both alleles near -0.5), at 0.0 (one allele near -0.5 and the other near 0.5) and at 1.0 (both alleles near 0.5). Other parameter values are the same as in figure 2 and panels A and B show the same quantities as in that figure. 
